In energy harvesting cloud radio access networks, the sleep mode switching of small radio remote head (SRRH) and the functional splitting between SRRH and baseband unit are two important challenges for improving energy efficiency and throughput. In this paper, we propose an energy-efficient mode switching mechanism (E 2 MSM) with flexible functional splitting in which a controller determines the modes of SRRHs and functional splitting level by considering the renewable energy levels and populations of SRRHs. To optimize the performance of E 2 MSM, a constraint Markov decision process problem is formulated and a joint optimal policy on the sleep scheduling and the functional splitting level is obtained by a linear programming. Evaluation results demonstrate that E 2 MSM with the optimal policy can achieve comparable throughput to the throughput-oriented scheme while consuming no non-renewable energy.
I. INTRODUCTION
Energy harvesting techniques, which facilitate the harvesting of electricity from external sources (e.g., solar, thermal, wind, and vibration), have attracted significant attention and been widely applied to cloud radio access networks (C-RANs) (i.e., renewable energy-based small radio remote heads (SRRHs)) [1] , [2] . For example, LG U+ has deployed solar powered SRRHs in mountainous areas of South Korea [3] , and China Mobile has established the world's largest solar energy SRRH cluster (over 800 SRRHs) in Tibet [4] . Energy harvesting SRRHs can increase energy efficiency and offset 10% annual increase in information and communication technology (ICT) to global carbon emissions [5] . However, based on the dynamics of renewable energy generation and the limited capacity of energy storage systems (ESSs), it is difficult to guarantee sustainable energy levels, meaning novel methods to improve energy efficiency are of crucial importance.
Sleep mode switching and functional splitting in SRRHs can be exploited to improve energy efficiency in energy harvesting C-RANs. Specifically, SRRHs can transition to sleep mode to save energy when there are few mobile nodes (MNs) in its area. Note that, since the coverage ranges of SRRHs and a macro RRH (MRRH) overlap, MNs under SRRHs in sleep mode can still be connected through the MRRH. However, if an excessive number of SRRHs transition to sleep mode simultaneously, the MRRH needs to handle lots of MNs and their throughput can be significantly degraded. Meanwhile, when functional splitting is applied and most functions of SRRHs are migrated to a base band unit (BBU) [4] , those SRRHs become simple antennas connected to the BBU through the front-haul (i.e., SRRHs do not perform any complicated operations). In such situations, the energy consumption of SRRHs can be minimized [7] - [9] . However, if a large number of MNs are served by SRRHs, the traffic volume between SRRHs and BBU can be significant (i.e., huge overhead on the front-haul is incurred), which can degrade throughput due to the limited capacity of the front-haul [9] . Consequently, sleep mode switching and functional splitting in SRRHs should be carefully designed to maximize energy efficiency while achieving sufficient throughput.
In this paper, we propose an energy-efficient mode switching mechanism (E 2 MSM) with flexible functional splitting. In E 2 MSM, the controller determines the modes of the SRRHs (i.e., active or sleep modes), as well as the functional splitting level between SRRH and BBU with the consideration on the renewable energy levels and populations of SRRHs. For flexible adjustment of functional splitting levels, the functions of base stations (BSs) are implemented in the form of virtualized software modules in both SRRH and BBU by means of network function virtualization (NFV), and therefore the functional splitting level can be easily determined by selecting the on/off modes of functions in SRRH and BBU. 1 To optimize the performance of E 2 MSM, a constraint Markov decision process (CMDP) problem is formulated and a joint optimal policy for the sleep scheduling and the functional splitting level is obtained via linear programming (LP). Evaluation results demonstrate that E 2 MSM with the optimal policy can achieve comparable throughput to the throughput-oriented scheme while consuming no non-renewable energy. Furthermore, we demonstrate that E 2 MSM operates adaptively according to the operating environment.
The main contributions of this paper are two-fold: 1) to the best of our knowledge, this is the first study on the joint optimization of the operation mode and the functional splitting level of SRRH in energy harvesting C-RANs; and 2) extensive evaluation results are presented and analyzed in various environments, providing valuable guidelines for the design of energy harvesting C-RANs.
The remainder of this paper is organized as follows. Related works are summarized in Section II. Then, E 2 MSM is presented in Section III. Next, the CMDP model is developed in Section IV. Evaluation results are given in Section V, and followed by the concluding remarks and a discussion of potential future work in Section VI.
II. RELATED WORKS
With the goal of increasing the energy efficiency of energy harvesting networks, a number of studies have been reported in [13] - [20] and [22] - [26] . Lee et al. [13] studied a problem of sleep scheduling of energy harvesting RRHs in the presence of energy harvesting uncertainty to minimize operational cost. Han and Ansari [14] considered a situation where RRHs can be powered by both renewable and non-renewable energy. They attempted to maximize the utilization of renewable energy while minimizing the consumption of non-renewable energy. Mao et al. [15] addressed a joint BS assignment and power control problem in which both renewable and non-renewable energy-based BSs can serve MNs. Huang et al. [16] optimized BS operation and power distribution in smart grid-enabled mobile networks where renewable energy is generated at individual BSs and shared among BSs. Wang et al. [17] investigated how to combine temporal renewable energy allocation and spatial mobile traffic distribution problems. Liu et al. [18] considered a two-dimensional optimization problem for user association and renewable energy allocation to minimize non-renewable energy consumption. Tao and Ansari [19] formulated an energy provisioning problem to minimize capital expenditure (CAPEX) while achieving traffic offloading gain, and they proposed a heuristic algorithm to solve the formulated problem. Bassoli et al. [20] provided an analytical model of the energy consumption of cell planning based on stochastic geometry. Maghsudi and Niyato [21] modeled an energy-efficient RRH activation problem utilizing a multi-armed bandit game in a realistic environment where the statistical characteristics of networks (e.g., channel quality and traffic) are time-variant. Zheng et al. [22] developed a novel cellular network planning framework with the consideration on the use of renewable energy BSs and energy balancing. Guo et al. [23] proposed an algorithm to determine the switching modes of BBU by estimating the resource utilization of BBU. Opadere et al. [24] devised a sleep scheduling algorithm to switch the least loaded RRHs into sleep mode with the consideration of current traffic demand and channel quality. Khan et al. [25] introduced an energy consumption model for C-RAN to separately measure the power consumptions of BBU and RRHs, and proposed a mode switching algorithm to minimize energy consumption without degradation of throughput. Similarly, Luo et al. [26] defined an energy consumption model for C-RAN, and optimized jointly energy consumption and delay performance by means of a Lyapunov method.
Several studies on functional splitting in C-RANs have also been conducted [8] - [12] . Chang et al. [8] proposed a packetization algorithm for the front-haul with the consideration of functional splitting. Jaber et al. [9] conducted a comparative study between C-RAN and distributed RAN (D-RAN) in a quantitative manner, and demonstrated that intermediate functional splitting can improve performance if optical fibers are not in use. Similarly, Dotsch et al. [10] carried out a quantitative analysis of different functional splitting levels, and identified the advantages of each functional splitting level in terms of latency and bandwidth requirements. Rost et al. [11] introduced a novel concept of RAN as a service (RANaaS), which partially centralized functionalities of RRHs depending on the actual needs as well as network characteristics. Maeder et al. [12] analyzed the constraints and requirements of several functional splitting levels.
However, no optimization methods for jointly determining the modes and functional splitting levels of SRRHs to achieve both energy efficiency and throughput improvements have been presented in the literature. Figure 1 shows the system model in this paper. We consider energy harvesting C-RANs where one MRRH and several SRRHs are deployed [27] . 2 Because MRRH generally supports control messages, it requires a stable energy supply. Therefore, we assume that MRRH always operates by means of the non-renewable energy. In contrast, because renewable energy-based SRRHs are being deployed gradually, both renewable energy-based SRRHs and non-renewable energybased SRRHs (or conventional SRRHs) are considered [29] . 3 Each renewable energy-based SRRH has its own ESS. The energy level in the ESS of the ith SRRH is denoted by e i (≥ 0). A renewable energy-based SRRH stores harvested energy and can serve MNs within its service area by utilizing the stored energy from its ESS. If there is no energy in its ESS (i.e., e i = 0), it has to consume non-renewable energy from the main grid. In contrast, a conventional SRRH always uses non-renewable energy for services. Both renewable energy-based and conventional SRRHs can transition to sleep mode to reduce their energy consumption. Additionally, because SRRHs can provide better connections to MNs compared to MRRH, MNs are associated with SRRHs if they are active. On the other hand, MNs can be associated to MRRH if SRRHs are in sleep mode or MNs are covered by only MRRH. To sum up, MNs are always associated with either SRRHs or MRRH, and therefore no dropping or blocking events occur. Meanwhile, since we focus on delay-insensitive services, disruptions during mode switching can be tolerated.
III. ENERGY-EFFICIENT MODE SWITCHING MECHANISM (E 2 MSM)
To determine the functional splitting level in a dynamic manner, flexible functional splitting is adopted where all functions of a traditional BS are implemented in both SRRH 2 A C-RAN architecture (i.e., splitting distributed units (DUs) and central units (CUs)) is assumed in 5G networks [28] . Specifically, a next-generation node B (gNB) consists of gNB-CU and gNB-DU which represent BBU and RRH, respectively. Therefore, the proposed mechanism can be applied to 5G networks. 3 In this paper, the two terms of conventional SRRH and non-renewable energy-based SRRH are used interchangeably.
and BBU as virtualized software modules. 4 After that, the functional splitting level is determined by selecting the on/off modes of the functions in each SRRH and BBU. For example, as shown in Figure 1 , the physical and MAC layer functions are enabled (i.e., on mode) in the 3rd SRRH, whereas the radio link control (RLC), packet data convergence protocol (PDCP), and radio resource control (RRC) layer functions are disabled.
The mode switching and the functional splitting level affect the energy consumption in SRRH. When an SRRH is in sleep mode, the lowest energy consumption is expected. If an SRRH is in active mode, its energy consumption depends on the number of enabled functions in that SRRH. 5 In other words, as more functions are enabled in an SRRH, that SRRH will consume more energy. Additionally, the mode switching and the functional splitting level also influence throughput. For example, if a large number of SRRHs are simultaneously in sleep mode, throughput can decrease significantly because MRRH should handle all MNs located in SRRH with sleep mode. Regarding functional splitting, if fewer functions are enabled in SRRH, excessive information should be transferred between BBU and SRRH, which leads to reduced throughput owing to the limited front-haul capacity. Consequently, it is important to determine the switching modes and functional splitting levels of SRRHs with the consideration of both energy consumption and throughput. Figure 2 shows the operation of an SRRH. At each decision epoch, the SRRH changes its mode and functional splitting level. At the beginning of each decision epoch, the SRRH turns on its essential functions (e.g., RF analog to digital (A/D) conversion function) for a short duration to count the number of MNs in its area. Note that, since this duration is much shorter than the whole duration of the decision epoch, the energy consumption of this duration can be negligible. During this duration, the SRRH broadcasts master information block (MIB)/system information block (SIB) messages. Upon receiving an MIB/SIB message, MNs report the receipt of the MIB/SIB message to the SRRH. Based on these reports, the SRRH can count the number of MNs in its area (denoted by n) [35] . After obtaining the number of MNs, the SRRH transmits its state information (i.e., number of MNs in its area and energy level in its ESS) to the controller located at BBU. Based on the information, the controller decides and informs the mode of SRRHs (i.e., active or sleep mode) and their functional splitting levels (i.e., on/off mode of functions in SRRH and BBU) at each decision epoch. 6 Note that the optimal decision is obtained by CMDP, which will be described in Section IV.
IV. CONSTRAINT MARKOV DECISION PROCESS (CMDP)
In energy harvesting C-RANs, the modes (i.e., active or sleep mode) and functional splitting levels of SRRHs influence energy efficiency and throughput. In E 2 MSM, the controller decides and informs modes and the functional splitting levels of SRRHs. To optimize this decision, we formulate a CMDP model, which is a suitable mathematical framework for modeling the decision making process when outcomes need to be constrained, but are partially random and partially under the control of the decision maker [37] . Important notations for the CMDP model are summarized in Table 1 . 6 When functions in SRRH and BBU are constructed by using container technologies (e.g., Docker) whose activation/deactivation time is less than millisecond [36] , the delays involved in activating and deactivating functions in SRRH and BBU can be neglected.
A. DECISION EPOCH
A sequence T = {0, 1, 2, . . .} represents the time epochs when successive decisions are made. The random variables S t and A t denote the state and the action chosen at decision epoch t ∈ T , respectively. τ represents the duration of each decision epoch.
B. STATE SPACE
We define the state space S as
where E denotes the types of SRRHs (i.e., renewable or non-renewable based SRRH) and energy levels in ESSs of SRRHs. In addition, N represents the numbers of MNs in SRRHs and MRRH-only area. Meanwhile, E is described by
where N P,E is the number of possible combinations of SRRHs' energy levels. Also, E k denotes the kth element of E, which can be described as
where N S is the number of SRRHs and e i represents the type and the energy level of the ith SRRH. Then, e i can be defined by
where e max denotes the capacity of ESS in SRRHs. In addition, e i ≥ 0 means that the ith SRRH is the renewable energy-based SRRH and its energy level is e i . On the other hand, e i = −1 represents that the ith SRRH is the conventional SRRH (i.e., the non-renewable energy-based SRRH). Note that the conventional SRRHs do not have any ESS and therefore they do not have the energy level. N is represented by
where N P,N is the number of possible combinations of MN numbers in SRRHs and MRRH-only area. Also, N k denotes the kth element of N, which can be described as
where n i (i ≥ 1) represents the number of MNs in the ith SRRH. Meanwhile, n 0 means the number of MNs in MRRH-only area. n i can be defined by
where n max denotes the maximum number of MNs in SRRH or MRRH-only area. VOLUME 6, 2018
C. ACTION SPACE
The action vector set, A, can be described as
where N P,A is the total number of possible combinations of actions. A k means the kth possible combination of actions. At each decision epoch, the controller determines and informs the mode of SRRHs (i.e., active or sleep mode) and their functional splitting levels (i.e., on/off mode of functions in each SRRH and BBU side) to them. Then, A k can be represented as
where a i denotes the action for the ith SRRH. Specifically, a i = 0 represents that the controller commands sleep mode to the ith SRRH. Meanwhile, a i = 1, a i = 2, and a i = 3 denote active modes with different functional splitting levels. 7 That is, when a i = 1, only RF A/D convert function is on mode in the ith SRRH while the other functions operate in BBU side (i.e., intra PHY splitting [6] ). a i = 2 represents the situation where all physical layer functions are on mode in the ith SRRH (i.e., PHY splitting). Meanwhile, a i = 3 describes the situation where all functions are on mode in the ith SRRH. Note that the energy consumption of the ith SRRH ε S,a i is decided by a i (i.e., the energy consumption of the ith SRRH is dependent on the mode and the functional splitting level of the ith SRRH).
D. TRANSITION PROBABILITY
Only E is influenced by a chosen action A. Also, E and N change independently with each other. Therefore, for the chosen action A, the transition probability from the current state,
The transition probability of E can be derived as follows. Since the energy levels of SRRHs are independent,
we need to consider two cases: 1) the ith SRRH is the renewable energy-based SRRH (i.e., e i = −1); and 2) the ith SRRH is the conventional SRRH (i.e., e i = −1). For the first case, we assume that the harvested energy volume during decision epoch in the ith SRRH follows the Poisson distribution with mean 1/λ E,i [13] . That is, the energy level of the ith SRRH in next state, e i , increases by u e k with the probability P D λ E,i , k where u e is the unit harvested energy volume and P D (λ E,i , k) denotes the probability mass function of the Poisson distribution with mean 1/λ E,i . Meanwhile, when the ith SRRH is in active mode (i.e., a i = 0), e i decreases by ε S,a i . Note that the ith SRRH cannot store renewable energy over its capacity (i.e., e i ≤ e max ). Therefore, if e i +u e k −ε S,a i ≥ e max (i.e., k ≥ −e i +ε S,a i u e
), e i = e max . Also, the energy level of the 7 More functional splitting levels can be considered by defining more actions.
ith SRRH cannot be smaller than 0 (i.e., e i ≥ 0). 8 Therefore, the corresponding probabilities are defined by (11) at the top of next page. On one hand, when the ith SRRH is in sleep mode (i.e., a i = 0), e i does not decrease. Therefore, the corresponding transition probability can be defined as by (12) at the top of next page.
When the ith SRRH is the conventional SRRH (i.e., e i = −1), e i does not change regardless of a i . Therefore, the corresponding probability can be denoted by
Meanwhile, P [N k |N k ] can be defined by means of a statistical manner or a mathematical assumption (e.g., uniform distribution, point Poisson process [38] , and Markov process [39] ).
E. COST AND CONSTRAINT FUNCTIONS
To minimize non-renewable energy consumption and provide the desired level of throughput, we define a cost function r(S, A) on the total non-renewable energy consumption of SRRHs and a constraint function c(S, A) on the average throughput per MN. Note that the energy efficiency in energy harvesting C-RANs is inversely proportional to non-renewable energy consumption.
1) COST FUNCTION
If a conventional SRRH is in active mode (i.e., e i = −1 and a i = 0), non-renewable energy is used in that SRRH by ε S,a i . Meanwhile, when a renewable energy-based SRRH is in active mode (i.e., e i = −1 and a i = 0) and does not have sufficient energy in its ESS (i.e., e i + u e k − ε S,a i ≤ 0), non-renewable energy is also used in that SRRH. That is, this case occurs when k ≤ −e i +ε S,a i u e
. Therefore, the average deficient renewable energy of this case can be calculated by k≤(−e i +ε S,a i )/u e e i + u e k − ε S,a i P D λ E,i , k . Then, the cost function for non-renewable energy used in SRRHs can be denoted by (14) at the top of next page where δ[·] denotes a delta function to return 1 if the condition is true. Otherwise, the function returns 0. where S M denotes the MRRH throughput. Meanwhile, when the ith SRRH is active (i.e., a i = 0), 8 When there is no renewable energy in ESS of the renewable energy-based SRRH, it can provide the services to MNs by using non-renewable energy.
P[e i |e
the throughput per MN in its area can be derived by 
F. OPTIMIZATION FORMULATION
The average non-renewable energy consumption in all SRRHs and average throughput per MN denoted by ζ C and ζ S , respectively, can be defined as
and
The CMDP model can be expressed as follows
where T S represents the desired throughput. The CMDP model can be transformed into an equivalent LP model. When φ(S, A) represents the stationary probability of state S and action A, the equivalent LP model can be expressed as
The objective function in (20) is to minimize nonrenewable energy consumption. Meanwhile, the constraints in (21) is to maintain the average throughput per MN higher than the desired throughput T S . The constraint in (22) satisfies the Chapman-Kolmogorov equation. The constraints in (23) and (24) are for the probability properties.
The optimal policy π * (S, A) which is the probability of taking a particular action at a certain state can be obtained from the solution of the above LP model. The optimal policy can be derived from
If A φ * S, A = 0, all functions in SRRHs are on mode (i.e., a = 3).
V. EVALUATION RESULTS
For performance evaluation, we compare the proposed mechanism, E 2 MSM, with the following six schemes: 1) ALL-ACTIVE where all SRRHs are always active without functional splitting (i.e., all functions are enabled in SRRH, a = 3); 2) ALL-SLEEP where all SRRHs are always in sleep mode; 3) RE-RAND where the renewable energy-based SRRHs are in active mode with randomly selecting the functional splitting level, while the non-renewable energybased SRRHs are always in sleep mode; 4) RE-WITHOUT where the renewable energy-based SRRHs are in active mode without functional splitting (i.e., a = 3), while the non-renewable energy-based SRRHs are always in sleep mode; 5) E-ACTIVE where the only renewable energy-based SRRHs whose energy levels are larger than the half of the capacity of ESS are in active mode with fixed functional splitting (i.e., a = 1) [14] ; and 6) OPT-MODE where SRRHs select the optimal mode (i.e., active/sleep mode) with randomly selecting the functional splitting level [17] . Meanwhile, since the objective of this paper is to maximize energy efficiency while achieving sufficient throughput, non-renewable energy consumption, ζ C , and throughput, ζ S , are used as performance measures of E 2 MSM. 9 In addition, since the desired throughput and the MRRH and SRRH throughputs (i.e., T S , S M , and S S ) affect the effectiveness of E 2 MSM, we have evaluated E 2 MSM under various settings for these parameters. The power consumption of SRRH in active mode is 13.6 W [17] , [18] and the solar panel can harvest 4 W [13] , [41] . The unit harvested energy volume u e is normalized as 1. Then, the power consumption of SRRH in active mode without functional splitting ε S,a=3 can be approximated as 3 (i.e., ε S,a=3 = 13.6/4
3). When less functions operate in SRRH, lower energy consumption of SRRH is expected. Therefore, we assume that ε S,a=2 and ε S,a=1 are 2 and 1, respectively. Meanwhile, the average of the harvested energy volume during decision epoch, i.e., 1/λ E , is set to 0.3 [42] .
The MRRH Throughput S M Is Set to 300 Mbps Based on the LTE Specification [43] : When all functions are enabled in SRRH (i.e., a = 3), the SRRH throughput is also set to 300 Mbps. Meanwhile, when all physical functions are implemented in SRRH (i.e., PHY splitting, a = 2), 25% less effective throughput can be obtained compared to when a = 3 due to the limited capacity of the front-haul [9] . Therefore, the SRRH throughput with a = 2 is set to 225 Mbps. On one hand, when only RF A/D convert function operates in SRRH, we assume that 50% less effective throughput can be obtained compared to when a = 3. That is, the SRRH throughput 9 The energy efficiency in energy harvesting C-RANs is inversely proportional to non-renewable energy consumption. Meanwhile, since non-renewable energy consumption depends on the renewable energy level in ESS of SRRH (see the second term in (14)), the renewable energy level in ESS of SRRH can be guessed by non-renewable energy consumption.
with a = 1 is set to 150 Mbps. Moreover, the default desired throughput T S is set to 50 Mbps. Also, the maximum number of MNs in SRRHs and MRRH-only area is set to 6. On the other hand, we assume that the number of MNs follows a uniform distribution. τ is set to 1. Figures 3(a) and (b) show the effects of the desired throughput T S on the average non-renewable energy consumption in all SRRHs and average throughput per MN, ζ C and ζ S , respectively. From Figures 3(a) and (b), E 2 MSM can achieve high energy efficiency while providing sufficient throughput per MN. When the desired throughput is low (i.e., T S is 55 ∼ 56 Mbps), sufficient throughput per MN can be provided even when non-renewable based SRRHs are not active. Therefore, ζ C is 0. Meanwhile, as T S increases, E 2 MSM commands more non-renewable based SRRHs to be active to obtain increased throughput. As a result, ζ C increases as T S increases. On the other hand, from Figures 3(a) and (b) , it can be found that ζ C and ζ S of other comparison schemes except OPT-MODE are constant regardless of T S . This is because other comparison schemes except OPT-MODE follow the fixed action regardless of T S . Meanwhile, since OPT-MODE commands more SRRHs to be active as T S increases as similar to E 2 MSM, ζ C and ζ S of OPT-MODE increase as T S increases. However, OPT-MODE does not select the optimal functional splitting level, its throughput is lower than that of E 2 MSM (see Figure 3(b) ) even though it consumes more energy than E 2 MSM (see Figure 3(a) ).
A. EFFECT OF T S
Meanwhile, from Figure 3 (a) and (b), it can be shown that ζ C of other comparison schemes can be higher than that of E 2 MSM; however, they cannot provide the desired throughput. This is because the comparison schemes take fixed actions without any consideration for the number of MNs. For example, in RE-RAND, some SRRHs can be active even when no MNs exist in their coverages. That is, unnecessary energy is consumed in this scheme. Figure 4 shows the effect of the MRRH throughput S M on ζ C . It can be seen that ζ C of E 2 MSM deceases as S M increases. This can be explained as follows. When MRRH provides higher throughput, MNs can achieve their desired throughputs regardless of their locations even when some non-renewable energy-based SRRHs are not active. In this case, E 2 MSM allows more sleep mode SRRHs to reduce non-renewable energy consumption, which means that E 2 MSM operates adaptively according to the environment. Specifically, when S M is larger than 210 Mbps, most non-renewable energy-based SRRHs need not to be active. In other words, in such a situation, the desired throughput can be achieved without any assistance of non-renewable energybased SRRHs. Therefore, ζ C is 0 when S M is larger than 210 Mbps. 
B. EFFECT OF S M

C. EFFECT OF S S
The effects of the SRRH throughput with a = 1 (i.e., S S,a=1 ) on ζ C and ζ S are demonstrated in Figures 5(a) and (b), respectively. In these results, the MRRH throughput S M is set to 150 Mbps. From Figure 5 (a) and (b), it can be shown that ζ C of E 2 MSM decreases as S S,a=1 increases, while ζ S of E 2 MSM is constant regardless of S S,a=1 , respectively. This can be explained as follows. Larger S S,a=1 means that the front-haul has higher capacity. In this situation, owing to sufficient capacity of the front-haul, per-MN throughput does not decrease even when only RF A/D convert function operates in SRRHs. Therefore, the desired throughput can be obtained with small energy consumption. To sum up, if the front-haul is implemented by the optical fiber (i.e., if the front-haul has sufficient capacity), high energy efficiency can be achieved while providing the desired throughput.
Meanwhile, as shown in Figure 5 (b), since SRRHs in RE-RAND, E-ACTIVE, and OPT-MODE can operate with the functional splitting level of a = 1 (i.e., minimal functions are active in SRRHs while the other functions operate in BBU), their average throughputs increase as the capacity of the front-haul, S S,a=1 , increases. Note that, when less functions operate in SRRHs, a large amount of traffic between SRRHs and BBU is expected and thus high capacity front-hauls are required to avoid any throughput degradation.
VI. CONCLUSION
In this paper, we proposed an energy-efficient mode switching mechanism (E 2 MSM) with flexible functional splitting. The modes of SRRHs (i.e., active or sleep mode) and the functional splitting level (i.e., on/off mode of virtualized functions in each SRRH and base band unit (BBU) side) are determined by following the joint optimal of a CMDP problem. Evaluation results demonstrated that E 2 MSM with the optimal policy can minimize non-renewable energy consumption while providing the desired throughput. Furthermore, it was shown that E 2 MSM operates adaptively even when the operating environment (e.g., macro RRH (MRRH) throughput and capacity of the front-haul) changes. In future work, we will extend the proposed scheme to consider different channel qualities of MNs and various types of renewable energy.
